Hemangiomas are benign tumors of the vascular endothelium and are the most common tumors of infancy. These tumors are characterized by an initial phase of rapid proliferation, which is followed, in most cases, by spontaneous involution. Although most lesions resolve without complication, there are some cases in which hemangiomas can be life threatening when occurring near a vital structure. Treatment for these aggressive tumors represents an unmet clinical need. In addition, this characteristic progression of hemangiomas through distinct phases provides a unique opportunity for studying endothelial cell biology and angiogenesis. Using DNA microarrays representing approximately 10,000 human genes, we identified insulin-like growth factor 2 (IGF-2) as a potentially important regulator of hemangioma growth. IGF-2 was highly expressed during the proliferative phase and substantially decreased during involution. This finding was confirmed at the message level by quantitative reverse transcription-PCR and at the protein level by immunohistochemistry. IGF-2 protein was localized primarily to tumor vessels or vascular channels. Using a human hemangioma explant model, we show that IGF-2 promotes sprouting from intact hemangioma tissue. In addition, several angiogenesis-related factors, including integrins ␣v␤3 and ␣5␤1, are present in proliferating hemangiomas. During the involuting phase, an increase in several IFN-induced genes was observed. These studies identify potential regulators of hemangioma growth and involution and provide a foundation on which to build further mechanistic investigations into angiogenesis, using hemangiomas as a model.
H
emangiomas are the most common tumors of infancy. They are benign vascular tumors that generally grow rapidly in the first months of life, enter a plateau phase, and in the majority of cases, involute spontaneously over the course of several years (1) . These lesions are thought to arise from the microvascular endothelium and usually follow a benign course with adverse effects generally limited to transient cosmetic concerns. However, in some cases, hemangiomas can become vision-or lifethreatening when occurring near the eye, airway, or other vital structures. Hemangiomas, particularly facial lesions, can be disfiguring and also often carry a significant psychosocial component for the patient and family.
Systemic or intralesional corticosteroids are often effective treatments for hemangiomas and are a first-line therapy for those requiring intervention. In proliferative hemangiomas, corticosteroids arrest growth with response rates of 30-90% (2) . However, side effects such as delayed skeletal growth, depressed immune function, and personality changes limit their usefulness, particularly when long-term treatment is required. In lifethreatening cases that have not responded to corticosteroids, IFN-␣ has been used as an alternative (3, 4) . IFN-␣ is believed to inhibit proliferation of endothelial cells; however, its use has been limited by reports of severe and irreversible neurotoxicity in as many as 20% of patients treated (5, 6) .
Despite advances in the fields of angiogenesis and endothelial cell biology, the pathogenesis of hemangiomas remains unclear.
Investigations into the molecular factors controlling the growth and subsequent involution of hemangiomas have identified several factors that have phase-specific expression patterns and thus may have roles in regulating these lesions. Using several angiogenesis-related markers, immunohistochemical analysis has identified proliferating cell nuclear antigen, type IV collagenase, and vascular endothelial growth factor (VEGF) as being expressed during hemangioma proliferation (7) . Tissue inhibitor of metalloproteinase 1, a reported inhibitor of new blood vessel formation, was shown to be expressed exclusively in the involution phase, whereas basic fibroblast growth factor (bFGF) and urokinase were expressed during both proliferation and involution. Another study has also implicated VEGF and bFGF as important in hemangioma progression and has suggested that an imbalance in positive and negative regulators of angiogenesis is associated with hemangioma development (8) . IFN-␤ was also identified as a potential endogenous inhibitor of hemangioma proliferation, because it was found to be expressed in the epidermis overlying involuted hemangiomas, whereas epidermis overlying proliferating tumors showed no expression. Other studies have shown increased expression of clusterin͞ApoJ (9) and cytochrome b (10) during hemangioma involution. Using cultured endothelial cells isolated from hemangiomas, the angiopoietin͞Tie2 signaling pathway has been implicated in hemangioma pathogenesis by showing increased expression of Tie2 and increased cellular response to angiopoietin-1 in hemangioma-derived cells compared with normal endothelial cells (11) . Although these studies have described biological characteristics of hemangiomas in different phases and identified pathways that may be involved, the causative factors in hemangioma growth and involution remain to be clearly identified.
Studies into molecular regulators of hemangioma progression have generally focused on a preselected group of genes known to have roles in angiogenesis in other contexts (7, 8, (11) (12) (13) (14) . In one report, differential display analysis was used to identify mRNAs that undergo changes in expression during the different phases (9) . Unlike other studies focusing on factors known to be involved in angiogenesis, this approach has the advantage of indiscriminate expression analysis but is limited by the resolution of electrophoretic separation. The present study, using DNA microarrays representing approximately 10,000 human genes with known functions, also has the advantage of indiscriminate expression analysis but has a higher degree of sensitivity and is more quantitative. The power of this approach lies in the ability to analyze gene expression within a complex tissue undergoing defined stages of proliferation and involution. From such an analysis, one can identify a workable number of targets on which to focus efforts to develop safe effective treatments for an important disease. In a broader context, it is anticipated that these studies will provide information into the mechanisms of neovascularization in angiogenesis-dependent diseases.
Methods
Specimens. Twenty specimens were obtained by surgical resection of lesions from children ranging in age from 3 mo to 7 yr. Procedures conformed to National Institutes of Health guidelines regarding use of human subjects and received Institutional Review Board approval from participating institutions. All specimens were obtained from tissue that would otherwise have been discarded and were collected from Children's Hospital, San Diego, CA. Cases were classified as proliferating, plateau or involuting on the basis of clinical appearance and age of the patient.
DNA Microarray Analysis. After resection, tissue was immediately placed in RNAlater (Ambion, Austin, TX) and frozen at Ϫ80°C. Skin or other surrounding tissue was carefully removed before homogenization. Total RNA was isolated from specimens using Trizol (GIBCO͞BRL). Isolated RNA was further purified with the RNeasy kit (Qiagen, Valencia, CA). Integrity of the RNA was verified before reverse transcription by visualization of the 28S and 18S ribosomal RNA bands on an agarose gel. cDNA was then in vitro transcribed with incorporation of labeled ribonucleotides. cRNA was then fragmented and hybridized to Affymetrix U95Av2 arrays (Santa Clara, CA). Hybridization quality was checked by measuring the ratio of hybridization intensities of the 3Ј to 5Ј regions of control genes. Data analysis was performed by using GENESPRING software (Silicon Genetics, Redwood City, CA). Normalization was used to allow chip-to-chip comparisons by dividing the expression values for each gene by the median gene expression value for each chip. Three independent cases from each clinical phase were used for analysis.
Quantitative Reverse Transcription-PCR (RT-PCR). RNA isolated as described above for DNA microarray analysis was reverse transcribed by using poly-d(T) primers and the Bulk First-Strand cDNA Reaction Mix (Amersham Pharmacia). Quantitative RT-PCR reactions were performed with IGF-2-specific primers designed using Primer Express (Perkin-Elmer). The forward primer had the sequence 5Ј-CCGTGCTTCCGGACAACTT-3Ј and the reverse primer, 5Ј-TGGACTGCTTCCAGGTGTCA-3Ј. All reactions were performed in triplicate with equal quantities of starting RNA.
Immunohistochemistry. Tissue was placed in ice-cold 20% sucrose͞PBS immediately after resection. Tissue was then embedded in OCT compound, frozen, and sectioned. After blocking, sections were incubated overnight with primary antibody followed by incubation with fluorophore-conjugated secondary antibody. Imaging was done with a multiphoton confocal microscope (Bio-Rad). Integrin ␣v␤3 (LM609) and type IV collagen (AB748) antibodies were obtained from Chemicon. Antibody against ␣5␤1 was generously provided by EOS Biotechnology (South San Francisco, CA). IGF-2 protein was detected with clone S7F2 from Research Diagnostics (Flanders, NJ). CD31 was detected with clone JC͞70A anti-human CD31 (plateletendothelial cell adhesion molecule, PECAM) mAb from Biocare Medical (Walnut Creek, CA).
Hemangioma Explants. Resected hemangioma specimens were prepared for culture as described by Tan et al. (15) . Briefly, fresh hemangioma tissue was cut into fragments (1-2 mm) and embedded into a fibrin gel (3 mg/ml of fibrin͞1 mg/ml of streptomycin͞100 units/ml of penicillin͞10 mg/ml of -amino caproic acid͞20 g/ml of aprotinin͞0.5 units/ml of thrombin in MCDB131 medium). Gels were then covered with MDCB131 medium and incubated at 37°C in 5% CO 2 . Recombinant IGF-2 protein (Calbiochem; ED 50 ϭ 10 ng͞ml) was added at 50 ng͞ml to the cultures daily, and medium was changed every 5 days. Sprouting cells were stained with isolectin IB 4 from Griffonia simplicifolia conjugated with Alexa Flour 594 (Molecular Probes).
Results
Microarray Data. Each of the three hemangioma phases, as determined by clinical classification, was analyzed in triplicate. One thousand one hundred and thirty-eight genes were expressed above a relatively stringent arbitrarily assigned level (raw value ϭ 1,000). Forty-four genes with expression over the assigned level in any of the three phases underwent at least a 3-fold decrease in expression during the progression from proliferation to involution (see Table 1 , which is published as supporting information on the PNAS web site, www.pnas.org), whereas 68 genes underwent at least a 3-fold increase under these conditions (see Table 2 , which is published as supporting information on the PNAS web site).
Hemangiomas Express Angiogenic Factors and Markers of Proliferat-
ing Endothelial Cells. To validate the results obtained from the microarray experiments, we examined the expression profiles of genes previously associated with angiogenesis, and in particular, a selection of genes reported to be expressed in hemangiomas. Studies have demonstrated that the angiogenic growth factors VEGF and basic fibroblast growth factor are expressed in proliferating hemangiomas (7, 8) . Angiogenesisrelated enzymes, type IV collagenase and urokinase, and tissue inhibitor of metalloproteinase 2 have also been reported to be expressed in hemangiomas (7) . Microarray analysis confirmed expression of all of these genes at the mRNA level; however, the expression levels of these genes were relatively low and did not change significantly throughout hemangioma progression. Type IV collagen, a major component of endothelial basement membranes, has been reported to be expressed in hemangiomas (14) . Microarray analysis demonstrated that type IV collagen was expressed at high levels during the proliferative phase and decreased 3.5-fold as the tumors progressed toward involution (Fig. 1a) . Immunohistochemical analysis confirmed that type IV collagen was expressed at the protein level and demonstrated lower levels in involuting tumors compared with proliferating tumors (Fig. 2  i and j) .
Among the genes undergoing significant interphase changes in expression were those associated with regulation of mitosis, a finding that supports the concept that proliferating hemangiomas are populated largely by dividing endothelial cells. The cyclin family of proteins regulates the cell cycle, and selected members were found to be differentially expressed in hemangiomas of different phases (Fig. 1b) . For example, cyclin D, which controls the G 1 ͞S transition, is found to undergo substantial reduction in expression between the proliferating and involuting phases.
As hemangiomas progress toward involution, endothelial cells comprise a decreasing proportion of the lesion. This observation is reflected in the data where platelet-endothelial cell adhesion molecule (PECAM) (CD31), an endothelial marker, is found to be expressed in proliferating cases at levels three times that of involuting cases. Another endothelial cell marker, CD34, follows a similar pattern with reduced expression during involution (Fig.  1c) . By demonstrating that hemangiomas express previously identified genes related to angiogenesis and proliferating endothelial cells, microarray analysis is validated as an approach to investigate other genes that are important in regulating hemangioma growth and involution.
Integrins ␣v␤3 and ␣5␤1 Are Expressed on the Endothelium of Proliferating Hemangiomas. A subset of integrin receptors are markers of proliferating endothelial cells. Integrin ␣v␤3 has been shown to have important roles in angiogenesis by regulating endothelial proliferation, migration, and apoptosis (16, 17) . More recently, ␣5␤1 has been shown to be involved in regulating similar functions, possibly by modulating ␣v␤3 function (18) . Microarray analysis identified message for these integrin subunits as being expressed (data not shown). To determine whether the heterodimers are in fact present, immunohistochemical analysis was performed on sections of human hemangiomas. Strong expression of the ␣v␤3 integrin was demonstrated throughout the tumor in proliferating cases (Fig. 2a) . By using serial sections and an antibody specific for PECAM (CD31), it is shown that the ␣v␤3-positive regions are also positive for this endothelial cell marker (Fig. 2e) . A similar pattern of expression was seen with the ␣5␤1 integrin (Fig. 2c) . Both integrins were present in involuting tumors but appear to have reduced expression levels and were more localized, likely marking a minority of cells that are still proliferating (Fig. 2 b  and d) . Hemangiomas did not, however, stain positive for another angiogenesis-associated integrin, ␣v␤5 (data not shown). Large-scale analysis of gene expression revealed high levels of IGF-2 transcript in proliferating tumors (Fig. 1d) . Mean IGF-2 levels were 18,950 (using Affymetrix average difference values) or 69-fold higher than the median expression level, corresponding to expression in the top 0.1% of genes represented on the arrays. Expression was detected by multiple probe sets on the array. These redundant probe sets recognize different regions of the IGF-2 gene and, by showing similar expression patterns, serve as internal confirmation of the results. Mean expression levels from phase replicates were greater than 10-fold higher in proliferating hemangiomas compared with involuting tumors, with plateau tumors showing intermediate expression. To independently confirm the IGF-2 results obtained from the microarray experiments, we performed quantitative reverse transcription-PCR by using IGF-2-specific primer sets. Data from this series of experiments strongly agreed with the microarray data (see Fig. 5 , which is published as supporting information on the PNAS web site).
IGF-2 Protein Is Present in Proliferating Hemangiomas and Localizes
with Tumor Vessels. To determine that high levels of IGF-2 message detected in proliferating hemangiomas correlated with protein expression, we performed immunohistochemical analysis for IGF-2 protein on sections of human hemangiomas. IGF-2 protein was detected in proliferating tumors, but not in involuting hemangiomas (Fig. 3) . Immunohistochemistry for IGF-2 also provided information on the localization of the protein. IGF-2 localized to vessels within the tumor, as confirmed by endothelial staining with CD31 (not shown) and nuclear staining with 4Ј,6-diamidino-2-phenylindole (DAPI) (Fig. 3) . The protein was also found in small foci scattered across the specimens. These findings clearly corroborate, at the protein level, those from the microarray and reverse transcription-PCR experiments and strengthen the idea that IGF-2 is important in regulating the proliferative phase of hemangiomas.
IGF-2 Stimulates Outgrowth of Sprouts from Human Hemangioma
Explants. Recently, Tan et al. showed that freshly resected hemangioma tissue placed into fibrin gels develop outgrowths or ''microvessels'' within days after placing into culture (15) . Using this system, we demonstrated that IGF-2 stimulated significant sprouting from the intact tissue explant (Fig. 4a) . Evidence that these sprouting outgrowths contain endothelial cells was provided by showing positive staining with G. simplicifolia isolectin (Fig. 4c) , a documented endothelial stain (19) (20) (21) . Cells were also positive for staining with antibodies against CD31 and CD34. For these markers, positive cells were observed only in the area immediately adjacent to the explant tissue (not shown), suggesting that these cells may dedifferentiate and downregulate these proteins as they acquire a migratory phenotype. Treated explants sprouted with a higher frequency after 7 days in culture compared with control explants (Fig. 4d) . Among the sprouting explants, the IGF-2-treated group was dramatically more advanced in terms of number and length of sprouts than the control group (Fig. 4e) .
Apoptosis-Related Genes Are Up-Regulated in Involuting Hemangiomas. We expected to find increased expression of apoptosisrelated genes in involuting tumors because apoptosis character- izes this phase (22, 23) . Several IFN-induced genes did, in fact, increase during the involuting phase (Fig. 1e) . Interestingly, IFN genes themselves were not expressed at significant levels within the tumor, consistent with previous reports that IFN-␤ is produced in the skin overlying cutaneous hemangiomas (8) . Although not believed to have roles in apoptosis, several types of keratin were up-regulated during involution (Fig. 1f ) . Keratins may be components of the fibro-fatty residuum observed after hemangiomas resolve. Prolactin-induced protein (GCDFP-15, gp17), which was not expressed at detectable levels during proliferation, was expressed at significant levels in involuting tumors (Fig. 1g) .
Discussion
We have used large-scale expression analysis to identify a number of genes that may be important to growth and regression of hemangiomas. The findings were indiscriminately generated by simultaneous analysis of approximately 10,000 human genes. IGF-2 has been implicated in a number of malignancies including breast cancer (24) and Wilm's tumor (25) . There is also evidence that IGF-2 may have roles in angiogenesis but has not previously been associated with hemangiomas. IGF-2 is a reasonable putative regulator of hemangioma proliferation, because it is a known mitogen and suppresses apoptosis. The function of this protein has been characterized (26, 27) , as has its primary functional receptor, IGF1R (28, 29) . The IGF-2͞mannose 6-phosphate receptor may also be important in hemangioma pathogenesis, because it had been shown to regulate angiogenesis in other contexts (30) . Although its expression profile was not as dramatic, IGF-1 cannot be ruled out as a potential stimulator of hemangioma growth, and it is possible in fact, that IGF-1 and IGF-2 have cooperative effects because they share IGF1R as a major receptor.
The precise role of VEGF in hemangioma growth and involution is not clear. Our analysis supports the observation that VEGF is present (7, 14) , although at low levels. Its expression, however, may be a downstream effect of high IGF levels, because IGFs have been demonstrated to induce expression of VEGF in a number of cell types (31) (32) (33) . There is evidence that VEGF requires IGFs for its angiogenic activity (34, 35) . Our data are consistent with this idea and suggest that, in fact, IGFs may be critical factors in this context because their expression is more highly correlated to hemangioma growth phase than is VEGF. GLUT1 expression (36) could be another example of a downstream effect, because IGFs are also known to increase cell surface expression of GLUT1 (37) (38) (39) . Expression of type IV collagen has been demonstrated previously in hemangiomas (14) , an observation confirmed in this report at both the message and protein levels. Immunohistochemistry shows that type IV collagen appears to be produced up to the point of endothelial apoptosis, suggesting that reduced levels are an effect, rather than a cause, of involution.
The distinct phases of hemangioma progression suggest that separate mechanisms are responsible for the growth of these tumors and their subsequent involution. This is contrasted to the idea of a single factor causing endothelial cell growth during the proliferative phase and its removal initiating involution by eliminating the growth͞survival stimulus. Microarray analysis supports the multiple mechanism hypothesis by identifying groups of genes (i.e., IFN-induced genes) that undergo increases in expression during the involuting phase. IFNs themselves were not detected at significant levels, indicating that the source of these factors lies outside of the tumor. This notion is supported by the finding that IFN-␤ is expressed in the skin overlying cutaneous involuting hemangiomas (8) . One of the three involuting cases studied with microarray analysis showed strong induction of a panel of IFN-related genes, whereas the increases in expression were more restricted and less dramatic in the other cases studied. This is a likely reinforcement of the concept that hemangioma growth and recession are a continuum of events rather than well-demarcated phases. This idea is in line with the clinical observation that hemangiomas vary in terms of time to involution, and thus all involuting specimens would not necessarily be expected to express IFN-induced genes.
Our data suggest that at least two approaches to therapeutic intervention of aggressive hemangiomas may be possible. IGF-2 or its receptors represent promising targets for early intervention. Antagonists of IGF-2 could prevent or halt the proliferation of endothelial cells and subsequent events downstream activated by IGF-2. An alternative approach would involve inducing premature involution of the tumors. One way to accomplish this would be with antagonists of ␣v␤3 and͞or ␣5␤1 integrins, which have been shown to induce apoptosis in other systems involving proliferating endothelial cells (40, 41) . Specific fragments of fibronectin are known to block the function of ␣5␤1 and ␣v␤3 integrins, inducing apoptosis of endothelial cells (42) . It has also recently been reported that prolactin-induced protein, a novel aspartyl proteinase found to be dramatically upregulated in involuting hemangiomas, specifically cleaves the extracellular matrix protein fibronectin (43), the major ligand for the ␣5␤1 integrin. IFN-induced proteins have been identified as potential targets for the latter therapeutic approach by demonstrating that they are up-regulated in at least some involuting hemangiomas. These findings, along with those of Bielenberg et al. (8) , provide a biological justification for the clinical use of IFN in the treatment of hemangiomas. However, the risk of severe side effects produced by IFN therapy minimizes its utility and necessitates the identification of new treatment options.
These data suggest a model of hemangioma progression in which the key element is a relationship between IGFs and IFNs. In this model, the initial event is overexpression of IGF-2 by the vascular endothelium or associated cells. There is a large literature on the role of imprinting in IGF-2 expression describing mechanisms involving relaxed suppression of one allele resulting in increased IGF-2 protein production (44, 45) . Alternatively, hemangiomas may originate from placentally derived cells. Several markers associated with placental vessels were expressed in juvenile hemangiomas but not other types of vascular lesions (46) , indicating that hemangiomas might arise from invading angioblasts or placental cells. Because IGF-2 is highly expressed and important during embryonic development, the findings from our study provide some support for this hypothesis. It is therefore possible that these placental cells produce IGFs and respond in an autocrine fashion by proliferating and at the same time are afforded protection from apoptosis by IGFs. High IGF levels could be expected to increase expression of VEGF, resulting in an increasingly favorable local environment for endothelial cell proliferation. Recent studies indicate that hemangiomas result from clonal expansion of endothelial cells (47, 48) , conforming to the idea that a single angioblast expressing high levels of IGFs could be at the source of these lesions. The progeny of this cell would continue to express markers characteristic of placental vessels. It has been reported that IGFs induce expression of IFN-␥ (49) . In this scenario, sustained IGF levels could shift the balance of regulators in favor of involution. Not only can IFNs induce apoptosis, a known feature of involuting hemangiomas, but interestingly, they are also known to down-regulate the expression of IGF-2 and other growth factors (50, 51) . Taken together, these events could complete a self-destructive program characteristic of hemangioma behavior.
These studies have confirmed some of what is known about hemangiomas at the molecular level and have identified new areas for investigation. We have used an explant model in this study to test the role of one newly identified factor in hemangioma progression. Although potentially important circulating factors are eliminated, this model has a significant advantage in that intact tissue from clinically characterized hemangiomas was used, thus preserving the cellular and extracellular milieu that exists in vivo. The observation that outgrowths contain cells that stain positively with G. simplicifolia isolectin suggests, but does not conclusively prove, that these sprouts are composed of endothelial cells. These studies do conclusively demonstrate, however, that cells within intact hemangioma tissue are responsive to IGF-2 and support the idea that IGF-2 is important in hemangioma proliferation.
The results of this study indicate that hemangiomas probably rely on several well-studied angiogenic themes but suggest that other factors, less commonly associated with angiogenesis, may also be important regulators. IGFs have been shown to be critical regulators in retinal angiogenesis, and inhibition of IGF1R suppresses VEGF-induced angiogenesis (34) . These findings, combined with the current data, suggest the possibility of an emerging paradigm where IGFs and their primary receptor play important regulatory roles in angiogenic signaling pathways.
